Introduction {#s1}
============

Neuroinflammation plays a crucial role in the pathogenesis of not only acute brain insults, such as bacterial infections [@pone.0097276-Wen1], [@pone.0097276-Chiu1], cerebral ischemia [@pone.0097276-Raza1], and traumatic brain injury [@pone.0097276-Woodcock1], but also in chronic neurodegenerative diseases such as Alzheimer\'s disease [@pone.0097276-Sochocka1]. Neuroinflammation involves a complex interplay of glia cells beginning in microglial cells, which activate astrocytes (reactive gliosis) resulting in the release of inflammatory molecules [@pone.0097276-Woodcock1], [@pone.0097276-OCallaghan1] that can cause neuronal damage. In an animal model, glial cells, and particularly astrocytes and microglia, have been shown to provide the early sources of proinflammatory cytokines in cerebrospinal fluid (CSF) and brain tissues when meningoencephalitis is caused by a Gram-negative bacterium (*Klebsiella* pneumonia) infection [@pone.0097276-Wen1], [@pone.0097276-Chiu1]. Cell culture studies have demonstrated that glial cells activated by lipopolysaccharide (LPS), a Gram-negative bacterial cell wall endotoxin, time-dependently expressed inducible nitric oxide synthase (iNOS) [@pone.0097276-Wang1] and proinflammatory cytokines and chemokines [@pone.0097276-Lu1]. Toll-like receptor 4 (TLR4) is the receptor of LPS and is expressed in neurons and glial cells [@pone.0097276-LeowDyke1]. The activation of TLR4 by LPS causes the activation of mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (ERK), p38, c-Jun N-terminal kinase (JNK), and the nuclear factor (NF)-κB signaling pathway in brain cells, yielding neuroinflammation [@pone.0097276-LeowDyke1], [@pone.0097276-Zhang1].

It has been demonstrated that cultured astrocytes treated with LPS plus interferon (IFN)-γ deplete endogenous antioxidant Vit. C, causing increased iNOS expression [@pone.0097276-Korcok1]. Ischemia [@pone.0097276-Kinuta1] and bacterial meningitis [@pone.0097276-Christen1] can cause the loss of Vit. C in the brain, implying that this loss is pathophysiologically relevant. The highest concentrations of Vit. C in the body are observed in brain cells [@pone.0097276-Hornig1], [@pone.0097276-Harrison1], and Vit. C is a vital antioxidant molecule in the brain. The physiological concentration of Vit. C occurs in the millimolar range in neurons (10 mM) and glia (1 mM) [@pone.0097276-Rice1]. Various crucial functions of Vit. C are involved in cellular reactions. In addition to its role as an antioxidant, Vit. C serves as a cofactor in several enzyme reactions, including those involved in the biosynthesis of collagen, carnitine, and norepinephrine [@pone.0097276-Rice1], [@pone.0097276-Hediger1]. Vit. C can also inhibit the TNF-α-induced activation of NF-κB through the activation of p38 MAPK in endothelial cells [@pone.0097276-Bowie1]. This suggests that Vit. C is a regulator of cytokine redox-signal transduction in host defense cells and plays a role in controlling inflammatory responses [@pone.0097276-Carcamo1].

Vit. C must be exogenously administered because of the lack of the terminal enzyme, L-gulonolactone oxidase, the last enzyme in the pathway for synthesizing ascorbic acid from glucose [@pone.0097276-Rice1], [@pone.0097276-Padh1] in humans, primates, and guinea pigs. Thus, Vit. C must be absorbed from exogenous sources, transported to the brain, and taken into cells via a Vit. C transporter [@pone.0097276-Harrison1]. Pretreatment with Vit. C attenuates the induction of iNOS expression and inhibition of glutamate uptake after treating cultured astrocytes with LPS and IFN-γ [@pone.0097276-Korcok1]. In addition, it has been demonstrated that Vit. C is beneficial in animal models of stroke [@pone.0097276-Huang1] and Alzheimer\'s disease [@pone.0097276-RosalesCorral1]. These results suggest that Vit. C treatment can ameliorate neuroinflammation; however, the underlying mechanisms by which Vit. C affects neuroinflammation remain unclear.

LPS initiates a neuroinflammatory cascade characterized by the activation of glia cells and increased production of inflammatory mediators. Hence, controlling activated glia at the levels of the TLR4 or signaling pathways, including the phosphorylation of MAPKs (such as p38 and ERK) and NF-κB translocation, may provide a therapeutic strategy for addressing neuroinflammation. The excessive production of inflammatory mediators can be a functional index of activated glia. Using neuron/glia cocultures, we investigated how Vit. C affected LPS-induced neuroinflammatory responses, exploring whether the effects of Vit. C were mediated through the MAPK pathways or NF-κB translocation.

Materials and Methods {#s2}
=====================

Chemical reagents and antibodies {#s2a}
--------------------------------

Sodium-L-ascorbate (Vit. C) and LPS were purchased from Sigma-Aldrich (St. Louis, MO, USA). The p38 MAPK inhibitor, SB203580; ERK inhibitor, PD98059; iNOS; and β-actin were purchased from Calbiochem (San Diego, CA, USA). Antibodies against p38, phospho-p38 (p-p38), ERK, phospho-ERK (p-ERK), and IκB-α were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against p65 and poly (ADP-ribose) polymerase (PARP) were purchased from Cell Signaling Technology and Santa Cruz Biotechnology (CA, USA), respectively.

Primary rat cortical neuron/glia cocultures {#s2b}
-------------------------------------------

Neuron/glia cocultures were prepared from the cerebral cortices of 1-d-old neonatal Sprague-Dawley rats. These procedures were performed according to the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of Taipei Medical University (Taipei, Taiwan). After the rats were sacrificed, their brains were quickly removed. The dissected cerebral cortices were placed in ice-cold Hank\'s solution (without Ca^2+^ or Mg^2+^) [@pone.0097276-Huang2]. Subsequently, cortical cells were dissociated by trituration using a pipette. Following centrifugation (1500 rpm for 5 min), the cells were suspended in 10% fetal bovine serum and Dulbecco\'s modified Eagle\'s medium (Gibco BRL, Grand Island, NY, USA), seeded at a density of 5 × 10^5^ cells/mL, and incubated at 37 °C in humidified 5% CO~2~/95% air. The percentage cell composition was determined using immunostaining, followed by cell counting. The neuron/glia cocultures consisted of approximately 40%--42% neurons, 40%--45% astrocytes, and 8%--10% microglia. Other unstained cell types, such as oligodendrocytes, fibroblasts, and smooth muscle cells, represented \<2% of the coculture.

Measuring nitrite accumulation {#s2c}
------------------------------

Nitrite, a downstream product of NO, was measured using the Griess reaction in culture medium. Briefly, culture medium was mixed with an equal volume of Griess reagent. The absorbance was determined at 540 nm by using a microplate reader (Molecular Devices, Menlo Park, CA, USA).

Measuring IL-6 and MIP-2 {#s2d}
------------------------

The concentrations of IL-6 and MIP-2 secreted into the culture medium were measured using enzyme-linked immunosorbent assay (ELISA) kits (BioSource International, Camarillo, CA, USA) according to the manufacturer protocol.

Extracting cytoplasmic and nuclear proteins {#s2e}
-------------------------------------------

At 1 h after treatment, the cultured cells were harvested and washed three times with cold phosphate-buffered saline (PBS). The cytoplasmic and nuclear protein fractions were extracted using NE-PER extraction reagent (Thermo Fisher Scientific, Rockford, IL, USA) according to the manufacturer protocol and used for Western blotting.

Western blotting {#s2f}
----------------

After employing the relevant treatments, the cells were harvested and lysed in protein extraction buffer (Mammalian Cell-PE LB, Geno Technology, USA) containing protease and phosphatase inhibitors (Complete Mini, Roche Diagnostics, Indianapolis, IN, USA). The lysed cells were centrifuged at 12000 rpm for 10 min (at 4 °C), and the supernatant was collected for storage at −80 °C or for use in the Western blot analysis. The proteins were separated using gel electrophoresis and electroblotted onto polyvinylidene difluoride membranes (PerkinElmer Life Sciences, USA). The membranes were blocked with 5% nonfat milk and incubated overnight at 4 °C with the indicated antibodies, namely iNOS (1∶1000 dilution), p38, p-p38, ERK, p-ERK and IκB-α and p65 (1∶1000 dilution), followed by blocking with an appropriate secondary antibody (1∶20000 dilution) for 1 h at room temperature (RT). Signals were visualized using enhanced chemiluminescent detection reagents (PerkinElmer Life Sciences). The membrane was then stripped and reprobed using an antibody specific to β-actin (cytoplasmic loading control) or PARP (nuclear loading control) (1∶10,000 dilution) to ensure the accuracy of each loading. The level of protein expression was quantified using a BioImaging System (Level Biotechnology).

3-(4,5-Dimethylthianol-2-yl)-2,5 diphenyl tetrazolium bromide (MTT) reduction assay {#s2g}
-----------------------------------------------------------------------------------

A colorimetric MTT reduction assay was performed to measure cell as previously described [@pone.0097276-Mosmann1]. Each culture well was incubated in 0.5 mg/ml of MTT culture medium, followed by a 40-min incubation in 5% CO~2~ at RT. The culture medium was then aspirated, and the cells were lysed with 50% dimethyl sulfoxide. The MTT reduction was quantified by measuring the absorbance at a test wavelength of 570 nm and a reference wavelength of 630 nm (the 630-nm reading was subtracted from the 570-nm reading) by using a microplate reader (Molecular Devices, Menlo Park, CA).

Measuring the release of lactate dehydrogenase (LDH) {#s2h}
----------------------------------------------------

The level of cytotoxicity was assayed based on the level of LDH activity in the culture media and scaled to the value of maximal death ( =  100%) measured after a freeze-thaw treatment, as a positive control (Pos.). Briefly, the freeze-thaw was performed in 3 cycles of 60 min, freezing at −80 °C and thawing at 37 °C, after the initial period of freezing overnight. The level of cytotoxicity was presented as the percentage of values relative to the Pos. cultures.

Immunocytochemical staining {#s2i}
---------------------------

After the experiment, the cultures were fixed in 4% paraformaldehyde and permeated using 0.2% Triton X-100 in PBS for 10 min, as previously described [@pone.0097276-Huang2], [@pone.0097276-Bigler1]. The background staining was reduced by blocking nonspecific binding sites with 10% goat serum for 1 h at RT. After rinsing with PBS, the endogenous peroxidase activity was quenched by incubation with 3% H~2~O~2~ in PBS for 10 min. The cultures were rinsed again and incubated overnight with appropriate primary antibodies (mouse anti-NeuN, 1:500, Chemicon, Temecula, CA, USA; mouse anti-GFAP, 1:1000, Chemicon; and mouse anti-ED1, 1:500, Serotec, Bicester, UK) at 4 °C. The cells were then rinsed three times with PBS and incubated with a secondary antibody (biotinylated antimouse immunoglobulin G, at 1:200, Vector Laboratories Burlingame, CA, USA) for 1 h. After incubation, the cells were washed with PBS three times (15 min per wash) and visualized using the avidin-biotin peroxidase complex method (ABC Elite kit; Vector Laboratories).

Statistical analysis {#s2j}
--------------------

All data are presented as the mean ± the standard error of the mean (SEM). The level of statistical significance was assessed using a one-way analysis of variance followed by the Student-Newman-Keuls\' test, using the SigmaStat program (Jandel Scientific, San Rafael, CA, USA). A value of *p*\<.05 represented a significant difference compared with the indicated experimental group.

Results {#s3}
=======

LPS-induced iNOS expression, NO production, and the release of proinflammatory mediators {#s3a}
----------------------------------------------------------------------------------------

To examine whether LPS elicits neuroinflammatory responses, such as inducing iNOS and the release of proinflammatory mediators, we first examined the time course of LPS-induced iNOS expression, nitrite accumulation, and the release of IL-6 (a cytokine) and MIP-2 (a chemokine) in neuron/glia cocultures. As shown in [Fig. 1](#pone-0097276-g001){ref-type="fig"}, treating cells with LPS (100 ng/ml) for various times (6, 9, 12, 18, and 24 h) induced the time-dependent expression of iNOS and accumulation of nitrite. The western blot results indicated that the expression of the iNOS protein was negligible in the control cultures; by contrast, significant levels of iNOS protein expression occurred as early as 6 h (*p*\<.05) and gradually increased over time at 9 (*p*\<.05), 12 (*p*\<.05), 18 (*p*\<.01), and 24 h (*p*\<.001) after LPS treatment ([Fig. 1A](#pone-0097276-g001){ref-type="fig"}). NO production, as reflected by levels of nitrite accumulation, significantly increased in the cultured cells exposed to LPS for 12 h (*p*\<.05) and continued to increase from 18 to 24 h (*p*\<.001; [Fig. 1B](#pone-0097276-g001){ref-type="fig"}). We also found that IL-6 and MIP-2 significantly increased in the cultured cells exposed to LPS for 9 h and remained elevated at up to 24 h (*p*\<.001; [Figs. 1C and 1D](#pone-0097276-g001){ref-type="fig"}). These results suggest that the LPS-induced activation of glial cells to elicit neuroinflammatory responses.

![LPS stimulated the production of inflammatory mediators at various times.\
Cultured cells were treated with LPS (100 ng/ml) or PBS (control; Cont.) for the indicated time periods. The cells were harvested to determine the level of iNOS expression by using western blotting; (A) the culture medium was collected to analyze the levels of nitrite (B); IL-6 (C); and MIP-2 (D). The nitrite accumulation was measured using Griess reagent. IL-6 and MIP-2 production was measured using ELISA kits. The data are represented as mean ± SEM based on 4--6 independent experiments. \* *p*\<.05, \*\* *p*\<.01, and \*\*\* *p*\<.001 versus the control (Cont.).](pone.0097276.g001){#pone-0097276-g001}

Involvement of p38 and ERK MAPK signaling pathways in the LPS-induced production of inflammatory mediators {#s3b}
----------------------------------------------------------------------------------------------------------

To examine whether the activation of p38 and ERK MAPKs are involved in LPS-induced neuroinflammatory responses, we examined the phosphorylation of p38 and ERK and the effects of inhibitors of p38 and ERK. [Figure 2A](#pone-0097276-g002){ref-type="fig"} shows that the level of phosphorylated p38 MAPK (p-p38) was significantly increased at 30 min after LPS treatment (*p\<*.05); this level was maintained at 180 min (*p\<*.001), but significantly declined at 300 min (*p\<*.01). [Figure 2B](#pone-0097276-g002){ref-type="fig"} shows similar results, indicating a gradual increase in the levels of phosphorylated ERK (p-p42/44) at 180 min (*p\<*.05 for p-p42 and, *p\<*.05 for p-p44) and up to 300 min (*p\<*.05).

![Time course of the LPS-stimulated phosphorylation of p38 (p-p38) and ERK (p-ERK).\
Cocultured cells were treated with LPS (100 ng/ml) for the indicated times (30, 60, 120, 180, and 300 min). The cells were harvested to analyze the levels of p-p38 (A) and p-ERK (p-p42/44) (B) protein expression by using western blotting. LPS stimulated the phosphorylation of both p38 and ERK, but the phosphorylation of p38 appeared at 60-min post LPS, whereas that of ERK appeared substantially later at 180 min. The data are represented as mean ± SEM based on 3--4 independent experiments. \* *p*\<.05, \*\* *p*\<.01, and \*\*\* *p*\<.001 versus Cont.](pone.0097276.g002){#pone-0097276-g002}

To further determine whether MAPKs (p38 and ERK) are involved in the production of LPS-induced inflammatory mediators, we treated cells with 10 or 20 µM of SB203580 (a p38 MAPK inhibitor) or PD98059 (an ERK MAPK inhibitor) and observed how these inhibitors affected the levels of nitrite accumulation, iNOS expression, IL-6 and MIP-2 release. According to the results, in the absence of LPS, neither SB203580 nor PD98059 at 10 or 20 µM significantly affected the nitrite accumulation compared with the control cultures (because the results were similar at 10 and 20 µM, only data for 20 µM are shown in [Figs. 3A and 3B](#pone-0097276-g003){ref-type="fig"}, second columns). By contrast, cotreating SB203580 (10 or 20 µM) with LPS for 24 h significantly inhibited the LPS-induced nitrite accumulation (*p*\<.001), and 20 µM inhibited this accumulation more compared with 10 µM; however, the difference was nonsignificant. Cotreating 10 µM of PD98059 with LPS did not significantly reduce the nitrite accumulation, whereas 20 µM of cotreatment attained a significant reduction (*p*\<.05). The concentration of 20 µM was adopted for both SB203580 and PD98059 in subsequent experiments. Regarding iNOS induction, treatment with 20 µM of inhibitors (SB203580 or PD98059) alone exerted no effects ([Fig. 3C](#pone-0097276-g003){ref-type="fig"}); however, western blot analyses indicated that cotreating these inhibitors for 24 h with LPS significantly reduced the level of LPS-induced iNOS expression. (*p\<*.001 and *p\<*.01, [Fig. 3C](#pone-0097276-g003){ref-type="fig"}).

![Effects of MAPK inhibitors on the levels of LPS-induced nitrite accumulation and iNOS expression.\
Cocultured cells were treated for 24 µM of SB203580 (a p38 MAPK inhibitor) or PD98059 (an ERK MAPK inhibitor), which were simultaneously with LPS (100 ng/ml). SB203580 (A) and PD98059 (B) significantly suppressed the LPS-induced accumulation of nitrite and expression of iNOS (C). The data are represented as mean ± SEM based on 3--5 independent experiments. \* *p*\<.05, \*\* *p*\<.01, and \*\*\* *p*\<.001 versus Cont.; ^+^ *p*\<.05,^++^ *p*\<.01 and ^+++^ *p*\<.001 versus LPS alone.](pone.0097276.g003){#pone-0097276-g003}

In addition, cotreating cells with 20 µM SB203580 and LPS for 24 h significantly attenuated the release of IL-6 (*p*\<.001) and MIP-2 (*p*\<.05) compared with the release in the cultures treated with LPS alone ([Figs. 4A and B](#pone-0097276-g004){ref-type="fig"}). Cultured cells cotreated with 20 µM PD98059 and LPS for 24 h exhibited significantly reduced levels of IL-6 release (*p*\<.001; [Fig. 4A](#pone-0097276-g004){ref-type="fig"}) but not MIP-2 release ([Fig. 4B](#pone-0097276-g004){ref-type="fig"}). The level of IL-6 and MIP-2 produced in cultures treated with SB203580 or PD98059 (20 µM; [Fig. 4A](#pone-0097276-g004){ref-type="fig"}) alone did not significantly differ from that produced in the control cultures ([Fig. 4B](#pone-0097276-g004){ref-type="fig"}). These results suggest that the activation of p38 and ERK MAPK is involved in the production of LPS-induced inflammatory mediators.

![Effects of MAPK inhibitors on LPS-induced IL-6 and MIP-2 production.\
Cocultured cells were treated with 20 µM of the p38 inhibitor SB203580 or the ERK inhibitor PD98059, which were simultaneously added with LPS (100 ng/ml) for 24 h. The levels of IL-6 (A) and MIP-2 (B) in the medium were measured using ELISA kits. Both inhibitors significantly suppressed both the LPS stimulated release of IL-6 and MIP-2. The data are represented as mean ± SEM based on 4--6 independent experiments. \* *p*\<.05 and \*\*\* *p*\<.001 versus Cont.; ^+^ *p*\<.05 and ^+++^ *p*\<.001 versus LPS alone.](pone.0097276.g004){#pone-0097276-g004}

Vit. C suppressed LPS-induced iNOS expression, nitrite accumulation, and the release of inflammatory mediators without causing cell death {#s3c}
-----------------------------------------------------------------------------------------------------------------------------------------

Vit. C typically serves as an endogenous regulator of cytokine redox-signal transduction in host defense cells. We examined whether exogenous Vit. C could attenuate an experimental inflammatory response produced using LPS in a neuronal/glial coculture model. Exposing cells to LPS for 24 h significantly enhanced the levels of iNOS expression ([Fig. 5A](#pone-0097276-g005){ref-type="fig"}; *p*\<.001), nitrite accumulation ([Fig. 5B](#pone-0097276-g005){ref-type="fig"}; *p*\<.001), and IL-6 ([Fig 6A](#pone-0097276-g006){ref-type="fig"}; *p*\<.001) and MIP-2 ([Fig 6B](#pone-0097276-g006){ref-type="fig"}; *p*\<.001) release compared with those of the control cultures. Cotreating cells with 5 and 10 mM but not 1 mM of Vit. C significantly reduced the level of LPS-induced iNOS protein expression ([Fig. 5A](#pone-0097276-g005){ref-type="fig"}; *p*\<.001) and nitrite accumulation ([Fig. 5B](#pone-0097276-g005){ref-type="fig"}; *p*\<.001). Vit. C (10 mM) alone exerted no effects ([Figs. 5A and B](#pone-0097276-g005){ref-type="fig"}).

![Vitamin C suppressed the LPS-induced expression of iNOS and nitrite accumulation.\
Cocultured cells were treated for 24(1, 5, and 10 mM), which were simultaneously added with LPS (100 ng/ml) and then harvested to conduct western blot analyses of iNOS expression (A). The level of nitrite accumulation (B) in the culture medium was measured using Griess reagent. Vit. C suppressed both the LPS-induced iNOS expression and nitrite accumulation. The data are represented as the mean ± SEM based on 4--6 independent experiments. \*\* *p*\<.01 and \*\*\* *p*\<.001 versus Cont.; ^+++^ *p*\<.001 versus LPS alone](pone.0097276.g005){#pone-0097276-g005}

![Vitamin C suppressed the LPS-induced production of IL-6 and MIP-2.\
Cocultured cells were treated for 24(100 ng/ml). The culture medium was collected and the levels of IL-6 (A) and MIP-2 (B) production were measured using ELISA kits. The data are represented as the mean ± SEM based on 4--6 independent experiments. \* *p*\<.05, \*\* *p*\<.01, and \*\*\* *p*\<.001 versus Cont.; ^+^ *p*\<.05, ^++^ *p*\<.01, and ^+++^ *p*\<.001 versus LPS alone.](pone.0097276.g006){#pone-0097276-g006}

Cotreatment with 5 or 10 mM of Vit. C and LPS for 24 h significantly attenuated the release of IL-6 ([Fig. 6A](#pone-0097276-g006){ref-type="fig"}; *p*\<.001) and MIP-2 ([Fig. 6B](#pone-0097276-g006){ref-type="fig"}; *p*\<.05 for 5 mM Vit. C and *p*\<.01 for 10 mM Vit. C) compared with using LPS treatment alone.

We further examined whether the suppression of the LPS-induced release of inflammatory mediators by Vit. C was a result of the cytotoxicity of Vit. C. Cultured cells exposed to 10 mM Vit. C or LPS did not significantly differ from PBS-treated cells ([Figs. 7A and B](#pone-0097276-g007){ref-type="fig"}) regarding cell viability. Compared with the medium control, no significant differences existed in the levels of LDH release (an indicator of cell death) at various concentrations (1, 5, and 10 mM) when simultaneously adding Vit. C and LPS ([Fig. 7A](#pone-0097276-g007){ref-type="fig"}). Similarly, the MTT reduction assay showed that the simultaneous exposure to 1, 5, or 10 mM of Vit. C and LPS nonsignificantly affected the cell viability compared with that of the control cultures ([Fig. 7B](#pone-0097276-g007){ref-type="fig"}); thus, the selected concentrations of Vit. C were not toxic to cells. These results suggest that the selected Vit. C concentrations effectively ameliorated LPS-induced inflammation without damaging cells.

![Lack of Vit.\
C (1, 5 10 mM) effects on cell survival (measured using an MTT reduction assay) and cell death (measured based on the level of LDH release). Cultured cells were treated for 24 h with various concentrations of Vit. C, which was simultaneously added with LPS (100 ng/ml). Selected concentrations of Vit. C (1, 5, 10 mM) did not affect the level of cell viability as assayed based on LDH release (A) and MTT reduction (B). The cytotoxicity was assayed based on the level of LDH activity in the culture media; this activity level was scaled to the value of maximal death ( = 100%) as a positive control (Pos.) after freeze-thaw treatment. The data are represented as the mean ± SEM based on 4--6 independent experiments.](pone.0097276.g007){#pone-0097276-g007}

Vitamin C attenuated the LPS-induced activation of astrocytes and microglia without affecting neurons as evidenced by immunocytochemical staining {#s3d}
-------------------------------------------------------------------------------------------------------------------------------------------------

Glial cells exhibit varied distinguishing morphological features in their resting and activated states, providing a convenient way to assess the activation status of such cells. To examine how Vit. C affected LPS-induced neuroinflammation, we immunocytochemically stained various cells with specific cell markers and evaluated any changes in their morphological features following treatment with LPS or Vit. C alone, or cotreatment with Vit. C and LPS. The results indicated that the neuron morphologies (NeuN-positive cells) did not significantly differ among the untreated control cells and the cells treated with Vit. C, LPS, or Vit. C-LPS cotreatment ([Fig. 8A](#pone-0097276-g008){ref-type="fig"}); however, LPS treatment changed the morphologies of both astrocytes (GFAP positive) and microglia (ED-1 positive) from those representing the resting state to those representing the active state. The activated astrocytes displayed enlarged (hypertrophic) size, numerous cytoplasmic processes, and a massive accumulation of GFAP-positive filaments ([Fig. 8B](#pone-0097276-g008){ref-type="fig"}); the ED-1 positive microglia changed from their resting forms, which exhibit a small soma and long cytoplasmic processes, to their active states, which are characterized by amoeboid appearances ([Fig. 8C](#pone-0097276-g008){ref-type="fig"}). Cotreatment with Vit. C and LPS attenuated the LPS-induced morphological changes in both the astrocytes ([Fig. 8B](#pone-0097276-g008){ref-type="fig"}) and microglia ([Fig. 8C](#pone-0097276-g008){ref-type="fig"}). Both astrocytes and microglia treated with Vit. C alone retained their resting morphologies. Although Vit. C alone exerted no effects the results suggested it could attenuate the activation of astrocytes and microglia when combined with LPS.

![Morphological changes that various treatments exerted on cocultured neuronal/glial cells.\
Cultured cells were treated with PBS (Control), Vit. C, LPS, or a combination of Vit. C-LPS for 24 h, fixed, and then immunocytochemically stained with an antibody against a specific cell marker (NeuN, GFAP, or ED1). The representative photomicrographs show the cultures stained with antibodies to identify neurons (NeuN-positive cells; A), astrocytes (GFAP-positive cells; B), and microglia (ED1-positive cells; C). The arrows indicate the activated glial cells. Scale bar  =  50 µm.](pone.0097276.g008){#pone-0097276-g008}

Vitamin C inhibited the LPS-stimulated activation of p38 and ERK {#s3e}
----------------------------------------------------------------

To investigate whether the antiinflammatory effects of Vit. C were mediated by the inhibition of LPS-induced MAPK activation, we examined the effects of simultaneous treatments with LPS for 180 min by using various combinations of the p38-specific inhibitor SB203580, ERK inhibitor PD98058, and Vit. C. The western blot results indicated that the LPS-stimulated phosphorylation of p38 and p42/p44 was significantly inhibited by SB203580 ([Fig. 9A](#pone-0097276-g009){ref-type="fig"}; *p\<*.001) and PD98059 ([Fig. 9B](#pone-0097276-g009){ref-type="fig"}; *p\<*.05 for p-p42 and *p\<*.01 for p-p44). Vit. C-LPS cotreatment significantly reduced the p-p38 ([Fig. 9A](#pone-0097276-g009){ref-type="fig"}; *p\<*.01) and p-p42/44 levels ([Fig. 9B](#pone-0097276-g009){ref-type="fig"}; *p\<*.05 for p-p42 and *p\<*.05 for p-p44). Treatments combining Vit. C with SB203580 or PD98059 significantly reduced the LPS-induced p-p38 ([Fig. 9A](#pone-0097276-g009){ref-type="fig"}; *p\<*.001) and p-p42/44 levels ([Fig. 9B](#pone-0097276-g009){ref-type="fig"}; *p\<*.05 for p-p42 and *p\<*.01 for p-p44). The activation of p38 and ERK (reflected by the p-p38 and p-p42/44 levels) did not significantly differ among the control cultures or those treated with inhibitors, Vit. C alone, or a combination of inhibitors and Vit. C. These results suggest that Vit. C suppressed the production of LPS-induced inflammatory mediators by inhibiting the p38 and ERK MAPK pathways.

![MAPK Inhibitors and Vit. C inhibited the LPS-induced phosphorylation of p38 and ERK.\
Cells were treated for 180(control), LPS (100 ng/ml) alone, or LPS combined with 20 µM of the p38 inhibitor SB203580 or ERK inhibitor PD98059, or 10 mM of Vit. C, and then harvested to conduct western blot analyses of p-p38 (A) and p-ERK (p-p42/44) (B). The data are represented as the mean ± SEM based on 3--4 independent experiments. \*\* *p*\<.05, \*\* *p*\<.01, and \*\*\* *p*\<.001 versus Cont.; ^+^ *p*\<.05, ^++^ *p*\<.01 and ^+++^ *p*\<.001 versus LPS alone.](pone.0097276.g009){#pone-0097276-g009}

Vitamin C inhibited the LPS-induced translocation of NF-κB {#s3f}
----------------------------------------------------------

NF-κB is a nuclear activator instrumental in initiating immune responses at the nuclear level. In the resting state, it exists as a heterodimer of p65 and p50 bound in the cytoplasm to the cytosolic protein IκB-α, and NF-κB is dissociated upon stimulation before translocation. We explored how Vit. C cotreatment affected the LPS-induced stimulation of this vital nuclear activator from 2 perspectives: IκB-α dissociation/degradation and p65 nuclear translocation. IκB-α exhibited significant degradation at 60 min ([Fig. 10](#pone-0097276-g010){ref-type="fig"}; *p*\<.001) after LPS treatment and these levels were maintained up to 300 min ([Fig. 10](#pone-0097276-g010){ref-type="fig"}; *p*\<.001).

![Time course of LPS-induced IκB-α degradation.\
Cells were treated with LPS (100 ng/ml) for various times and harvested to conduct western blot analyses of IκB-α degradation. LPS treatment suppressed IκB-α degradation as early as 60 min and was maintained at least until 300 min. The data are represented as the mean ± SEM based on 3--5 independent experiments. \*\*\* *p*\<.001 versus Cont.](pone.0097276.g010){#pone-0097276-g010}

[Figure 11](#pone-0097276-g011){ref-type="fig"} shows that the degradation of IκB-α after 60 min of LPS treatment was significantly reversed by treatment with SB203580 (*p*\<.001), PD98059 (*p*\<.001), and PDTC (an NF-κB inhibitor; *p*\<.001). Cotreatment with Vit. C also significantly attenuated the amount of LPS induced IκB-α degradation (*p*\<.05), albeit not to the same degrees as the inhibitors.

![MAPK inhibitors, Vit. C, and PDTC inhibited the LPS induced degradation of IκB-α.\
Cultured cells were treated for 60(control), LPS alone (100 ng/ml), or simultaneous LPS with SB203580 (20 µM), PD98059 (20 µM), Vit. C (10 mM), or the NF-κB inhibitor PDTC (50 µM) and then harvested to conduct western blot analyses of the IκB-α degradation. The LPS-induced suppression of IκB-α degradation was significantly inhibited by cotreating all inhibitors and Vit. C, which exerted the least amount inhibition. The data are expressed as the mean ± SEM based on 4--5 experiments. \*\* *p*\<.01 and \*\*\* *p*\<.001 versus Cont.; ^+^ *p*\<.05, ^+++^ *p*\<.001 versus LPS alone.](pone.0097276.g011){#pone-0097276-g011}

The degradation of IκB-α releases p65 and other transcription factors from cellular complexes, causing such factors to be translocated to nuclei. We examined the nuclear translocation of p65 by using western blotting. LPS treatment significantly shifted the presence of p65 from the cytoplasmic (*p*\<.01) to the nuclear fraction (*p*\<.001). The LPS effect was significantly attenuated after cotreatment with Vit. C ([Fig. 12](#pone-0097276-g012){ref-type="fig"}; *p*\<.05 and *p*\<.001). Vit. C treatment alone exerted no effects. These results suggest that suppression of the LPS-induced nuclear translocation of NF-κB is a mechanism underlying the Vit. C-induced attenuation of neuroinflammation.

![Vitamin C attenuated LPS-induced NF-κB translocation.\
(A) Gel images of the western blot analyses of the p65 protein extracted in cytoplasmic and nuclear fractions from the control cultures (no treatment) or cultures treated with Vit. C (10 mM) alone, LPS (100 ng/ml) alone, or combined Vit. C-LPS for 60 min. PARP (a nuclear loading control) and β-actin (a cytoplasmic loading control) were used as internal controls to ensure equal protein loading. (B) Quantitative comparison of the relative p65 levels in cytoplasmic and nuclear fractions extracted from cultures that underwent various treatments. The data are represented as the mean ± SEM based on 3 experiments. \*\* *p*\<.01 and \*\*\* *p*\<.001 versus Cont.; ^+^ *p*\<.05, ^+++^ *p*\<.001 versus LPS alone.](pone.0097276.g012){#pone-0097276-g012}

Discussion {#s4}
==========

The activation of glial cells following infection of the central nervous system or neuronal injury causes neuroinflammation, which involves a series of biological responses such as the production of proinflammatory mediators and morphological changes among glia cells. Excessive or chronic glial activation may exacerbate neuronal damage; therefore, identifying mechanisms that can control neuroinflammation should provide opportunities to interrupt inflammatory processes and prevent deleterious consequences. In this study, we used LPS, the major component of the outer membrane of Gram-negative bacteria, as a stimulant in neuron/glia cocultures to form a neuroinflammation model. In this model, LPS significantly and time-dependently induced the production of proinflammatory mediators such as NO (reflected by iNOS protein levels and nitrite accumulation), IL-6 (a cytokine) and MIP-2 (a chemokine) in cortical neuron/glia cocultures. Vit. C reduced the LPS-induced production of NO and proinflammatory mediators and attenuated LPS-induced glial activation. Regarding whether Vit. C interrupts LPS-elicited intracellular signaling, we demonstrated that LPS induced the phosphorylation of p38 and ERK MAPK and translocation of NF-κB. These signaling events were suppressed by Vit. C.

Neuroinflammation is also implicated in various neuronal pathologies, such as traumatic brain injury [@pone.0097276-Bigler1] and septic encephalopathy [@pone.0097276-Semmler1], and is accompanied by the accumulation of oxidative stress and depletion of the endogenous antioxidant Vit. C [@pone.0097276-Korcok1], [@pone.0097276-Tyurin1]--[@pone.0097276-Voigt1]. A clinical study indicated that the levels of Vit. C in plasma and CSF were significantly decreased among patients with septic encephalopathy [@pone.0097276-Voigt1]. Reduced Vit. C levels in CSF correlate with the severity of neurologic symptoms [@pone.0097276-Voigt1]. These findings underscore the importance of Vit. C in the neuroinflammation induced through various insults. In this study, LPS-induced neuroinflammation was manifested based on the levels of iNOS expression, nitrite accumulation, and IL-6 and MIP-2 release in neuron/glial cells.

Vit. C is present at millimolar concentrations in neurons (10 mM) and glia (1 mM) [@pone.0097276-Rice1], indicating that it plays a vital role in the brain. The major route by which Vit. C enters brain cells is from plasma to CSF through a Vit. C transporter (e.g., sodium-dependent Vit. C transporter). Various studies have demonstrated the functions of Vit. C in the brain such as the regulation of neural maturation [@pone.0097276-Lee1], [@pone.0097276-Shin1] and neuromodulation [@pone.0097276-Rebec1]. In addition, Vit. C exerts valuable neuroprotective effects against various brain insults such as stroke [@pone.0097276-Huang1], Alzheimer\'s disease [@pone.0097276-RosalesCorral1], and methamphetamine-induced neurotoxicity [@pone.0097276-Huang3]. Using an *in vitro* neuroinflammatory model involving LPS in cultured neuron/glial cells enabled inducing unequivocal neuroinflammation and bypassing any possible physiological synergistic or feedback interactions in vivo. In this study, LPS-induced iNOS expression, nitrite accumulation, and IL-6 and MIP-2 production were significantly attenuated by treatment with Vit. C. To exclude the possibility that Vit. C attenuated the LPS-induced release of inflammatory mediators because of Vit. C toxicity, both LDH and MTT reduction assays were employed. Our results confirmed that millimolar concentrations of Vit. C were not toxic to cultured neuron/glial cells. The concentrations of Vit. C used in culture studies are typically in the millimolar range (1--20 mM) [@pone.0097276-Bowie1], [@pone.0097276-Becker1] and are similar to those of other antioxidants such as N-acetylcysteine (NAC; 1--10 mM) [@pone.0097276-Ryu1], [@pone.0097276-Lin1]. It is unclear why millimolar concentrations of antioxidants are required in order to exert physiological or pharmacological effects in culture systems.

It has been proposed that the attenuation of glial activation could yield therapeutic benefits in alleviating neuroinflammation. Various studies have indicated that Vit. C exerts inhibitory effects on glial activation. We determined that the astrocytes displayed hypertrophic and microglia displayed amoeboid morphologies (both characteristic of activated glia) after LPS treatment. However, the morphological features of activated glia were significantly attenuated by Vit. C. We speculate that Vit. C significantly attenuates the production of LPS-induced inflammatory mediators by inhibiting the LPS-induced activation of glial cells.

Although Vit. C exerts antiinflammatory effects on LPS-induced neuroinflammation, its underlying signaling pathways remain unclear. Studies have demonstrated the involvement of MAPK signaling pathways in the production of inflammatory mediators in neurons and glial cells [@pone.0097276-Gorina1]--[@pone.0097276-Kim1]. The three major MAPK subfamilies are p38, ERK, and JNK. A previous study indicated that p38, ERK, and JNK are activated in both glia and neurons following LPS treatment [@pone.0097276-Xie1]. The p38 and ERK MAPKs are related to LPS signaling in glial cells, leading to iNOS expression and the production of NO and proinflammatory cytokines [@pone.0097276-Xie1]--[@pone.0097276-Kim2]. The current results indicate that the phosphorylation of p38 and ERK MAPKs occurs after LPS treatment. MAPK activity inhibitors (SB203580 for p38 MAPK and PD98059 for ERK MAPK) were used to assess the involvement of MAPK pathways in the LPS-induced expression of iNOS and release of inflammatory mediators. Both MAPK inhibitors diminished the amount of LPS-induced iNOS expression, nitrite accumulation, and IL-6 and MIP-2 production, indicating that p38 and ERK MAPK are involved in the LPS-induced production of inflammatory mediators.

LPS can activate glia through Toll-like receptors, triggering downstream signaling, such as MAPK and NF-κB translocation, and resulting in the regulation of inflammatory responses [@pone.0097276-Lu1], [@pone.0097276-LeowDyke1], [@pone.0097276-Wang2]. LPS-activated MAPKs, such as p38 and ERK, are essential signaling cascades responsible for the increased production of inflammatory mediators in glial cells. We determined that Vit. C decreases the phosphorylation of p38 and ERK MAPK as a result of LPS. Therefore, the Vit. C-induced suppression of the production of inflammatory mediators may occur through the p38 and ERK pathways. In addition, NF-κB is a pleiotropic regulator of various genes involved in the production of inflammatory mediators. The transcription factor NF-κB is present in cytosol in an inactivate state in which it is bound to IκB protein. Degradation of IκB proteins activates NF-κB and its subsequent nuclear translocation. Studies have demonstrated that the activation of NF-κB in LPS-activated glial cells following the degradation of IκB-α increases the expression of downstream genes such as iNOS and IL-6 [@pone.0097276-Giri1], [@pone.0097276-Zhu1]. In this study, Vit. C could inhibit the LPS-induced degradation of IκB-α and nuclear translocation of NF-κB p65. Our results are consistent with those of previous studies, which have reported that Vit. C can alter redox-sensitive signaling pathways to reduce inflammation [@pone.0097276-Son1]--[@pone.0097276-Wilson1].

In summation, these results suggest that Vit. C significantly attenuated the LPS-induced production of inflammatory mediators by inhibiting p38 and ERK MAPK signaling and the translocation of NF-κB in neuron/glia cocultures. These findings are notable because fruits and vegetables provide low-cost sources of Vit. C. Consuming a diet containing Vit. C might be an innovative approach to ameliorating neuroinflammation or symptoms resulting from acute insults to the central nervous system or chronic neurodegenerative diseases.
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